1. Introduction {#sec1-ijms-17-01413}
===============

Cerebral edema is a severe clinical complication and characterized by the pathological swelling of brain tissue due to the increase of brain water content. It progresses in many types of brain insults, such as trauma \[[@B1-ijms-17-01413]\], ischemia \[[@B2-ijms-17-01413]\], tumors \[[@B3-ijms-17-01413]\] and inflammation \[[@B4-ijms-17-01413]\]. The consequences of cerebral edema are lethal due to the elevated intracranial pressure and the compromised cerebral blood flow (CBF). Water disturbances are known to be critical in the progression of cerebral edema \[[@B5-ijms-17-01413]\]. Despite the clinical significance of edema, little is known about the mechanisms that are responsible for the brain water transport and homeostasis. As a result, current therapeutic strategies are limited to decompressive craniectomy and intravascular administration of hyperosmolar agents that were introduced more than 70 years ago.

A family of water channel proteins called aquaporins, which has been identified in mammals, may offer a mechanism explanation for brain edema and thus provide therapeutic options. In 1988, aquaporin-1 was purified and identified in human erythrocytes as the first family member of aquaporins \[[@B6-ijms-17-01413]\]. Up to now, more than 10 aquaporins have been discovered in mammals \[[@B7-ijms-17-01413]\]. In the central nervous system, aquaporin-4 is the most important type of aquaporin and mediates the water homeostasis in normal or pathophysiological conditions. The aim of this review is to look into: (1) the role of aquaporin-4 in the development of cerebral edema; (2) the potential of aquaporin-4 as a therapeutic target in edema with our new findings.

2. Brain Edema {#sec2-ijms-17-01413}
==============

Brain edema, as a consequence of various brain insults, including traumatic brain injury, stroke and brain tumor, exacerbates the development of these diseases and is a major cause of morbidity and death in these patients \[[@B8-ijms-17-01413]\]. The pathophysiological swelling of brain tissue is a main feature of cerebral edema due to the progressive increase in water content \[[@B9-ijms-17-01413]\]. A logical explanation to understanding the mechanisms of cerebral edema formation was first carried out by Igor Klatzo, where he classified edema into cytotoxic and vasogenic types \[[@B10-ijms-17-01413]\]; a third type, named hydrocephalic edema or interstitial edema, has subsequently been described \[[@B11-ijms-17-01413]\].

2.1. Cytotoxic Edema {#sec2dot1-ijms-17-01413}
--------------------

Cytotoxic edema is characterized by the intact blood-brain barrier (BBB), but a dysfunction of the sodium and potassium pump in the cell membrane, leading to a shift of water from the interstitial into the intracellular compartment and a net uptake of water from blood into brain parenchyma \[[@B12-ijms-17-01413],[@B13-ijms-17-01413]\].

In several pathological cerebral edemas, deprivation of nutrients and oxygen leads to the sodium-potassium pump failure on astrocytic cell membranes \[[@B12-ijms-17-01413],[@B14-ijms-17-01413]\]. As a consequence, a massive accumulation of sodium ions occurs intracellularly. Because of the osmotic change, cells uptake net water and subsequently swell \[[@B15-ijms-17-01413]\]. It is these swollen individual cells in the brain that act as the main characteristic to distinguish cytotoxic edema and vasogenic edema. Among all of the swollen cell types, astrocyte swelling may be the most important early signal predisposing the brain to further damage \[[@B16-ijms-17-01413]\].

In addition to the dysfunction of sodium-potassium pumps, aquaporin-4 dysregulation is also involved in mediating cytotoxic edema in astrocytes \[[@B17-ijms-17-01413],[@B18-ijms-17-01413]\]. For instance, after focal brain ischemia, aquaporin-4 is observed to lose polarized localization to astrocytic end-feet, which is associated with the loss of the astrocyte end-foot anchorage protein β-dystroglycan (DG). Furthermore, agrin-deficient mice lack polarized localization of both β-DG and aquaporin-4 at astrocytic end-feet and do not develop cytotoxic edema after ischemia \[[@B19-ijms-17-01413]\].

2.2. Vasogenic Edema {#sec2dot2-ijms-17-01413}
--------------------

BBB integrity disruption contributes significantly to the development of vasogenic edema, which directly results from tight junction breakdown between vascular endothelial cells \[[@B20-ijms-17-01413]\]. As a result, fluid and proteins from the vasculature penetrate into the interstitial space and cause expansion of the brain extracellular compartment \[[@B21-ijms-17-01413]\]. If there is no interference, it leads to elevated intracranial pressure, reduced cerebral blood flow and, ultimately, cerebral herniation and death \[[@B5-ijms-17-01413]\].

It seems that gray matter is more resistant to the influx than white matter where fluid accumulation takes place first, which explains why vasogenic edema fluid is just found in the white matter when scanned by CT or MRI \[[@B22-ijms-17-01413]\]. Moreover, this type of edema has usually been seen in the late stages of cerebral ischemia, further inducing focal cerebral blood flow (CBF) reduction, cell necrosis and apoptosis \[[@B12-ijms-17-01413]\]. Mechanisms contributing to vasogenic edema include physical crash by arterial hypertension or trauma and tumor-released vasoactive or endothelial destructive compounds (e.g., arachidonic acid, excitatory neurotransmitters, eicosanoids, bradykinin, histamine and free radicals) \[[@B3-ijms-17-01413],[@B23-ijms-17-01413]\].

In most situations, there is no clear border to discriminate cytotoxic and vasogenic edema. For instance, even though it is well accepted that cytotoxic edema is the prevalent event right after ischemic stroke, vasogenic edema is also concomitant. The use of MRI and CT techniques allows for the discrimination and shows that in the case of ischemic stroke, the cytotoxic type is dominant in the acute phase \[[@B22-ijms-17-01413]\].

2.3. Hydrocephalic Edema or Interstitial Edema {#sec2dot3-ijms-17-01413}
----------------------------------------------

Damaged absorption of cerebrospinal fluid (CSF) increases trans-ependymal CSF flow, which subsequently leads to acute hydrocephalus. Although plenty of pathological events are associated with CSF flow obstruction, the dilatation of the cerebral ventricles is the most common consequence \[[@B22-ijms-17-01413]\].

Clinically, the surgical intervention is by the shunting of CSF from the lateral ventricle into another part of the body where it can be absorbed. This strategy involves the implantation of two silicone rubber tubes and a valve system to drain the excess CSF from the ventricles so that the elevated intracranial pressure can be relieved \[[@B24-ijms-17-01413]\].

3. Aquaporin-4 Structure and Distribution {#sec3-ijms-17-01413}
=========================================

Aquaporins are a family of channel proteins that facilitate water transport. They are well documented to express on the cytosolic membranes and are conserved from bacteria to animal cells \[[@B25-ijms-17-01413]\]. Structural analysis showed that a pore is present in the center of each aquaporin molecule \[[@B26-ijms-17-01413]\]. Furthermore, Asn-Pro-Ala (NPA) motifs, as well as the electrostatic field among aquaporins are highly conserved, suggesting a role to prevent proton conduction \[[@B27-ijms-17-01413]\]. Among all of the aquaporins, aquaporin-4, expressing on the end-feet of astrocytes, has been under extensive investigation and is emerging as a novel therapeutic target in cerebral edema intervention.

Aquaporin-4 is composed by homo-tetramers with each monomer representing a water channel. Meanwhile, a pore is formed in the center of the four monomers, which probably promotes the flow of water, cations and gases \[[@B28-ijms-17-01413]\].

Aquaporin-4 is abundant in the brain and spinal cord, where its distribution pattern is highly polarized, with intensive expression in astrocyte end-feet that surround capillaries \[[@B29-ijms-17-01413]\]. Nonetheless, in pathological conditions like brain tumors, trauma or inflammation, it is redistributed to membrane domains apart from end-feet areas. This dislocation is due to the degradation of the proteoglycan agrin by the matrix metalloproteinase 3 \[[@B18-ijms-17-01413],[@B19-ijms-17-01413]\]. Although aquaporin-4 is ubiquitously expressed in kidney, airways, stomach and colon, global genetic deletion mice do not show abnormality in growth or tissue morphology, which could be explained by the compensatory expression of its counterpart aquaporins \[[@B30-ijms-17-01413]\].

Despite the well-studied role in water movement, aquaporin-4 may also benefit cell adhesion. Through electron crystallography analysis, a short extracellular helix is discovered in aquaporin-4, which interacts weakly, but specifically with aquaporin-4 molecules in adjacent membranes. To confirm this putative idea, aquaporin-4 was overexpressed in cells, and were found to be clustered \[[@B27-ijms-17-01413]\]. In addition, aquaporin-4 probably participates in glial scar formation after brain injury by promoting glial cells' migration \[[@B31-ijms-17-01413]\]. Collectively, these data underline the versatile and complex functions of aquaporin-4.

4. Aquaporin-4 in Brain Edema {#sec4-ijms-17-01413}
=============================

4.1. Versatile Function of Aquaporin-4 {#sec4dot1-ijms-17-01413}
--------------------------------------

Aquaporin-4 is found to be overexpressed in the reactive astrocytes after cerebral injury \[[@B32-ijms-17-01413]\]. As an important water channel protein, its upregulation or redistribution is associated with edema formation in the acute phase. In a focal ischemic stroke model, aquaporin-4-deficient mice have shown improved neurological outcome, decreased cerebral edema and hemispheric enlargement at 24 h \[[@B33-ijms-17-01413]\]. However, in other studies, aquaporin-4 deletion led to greater edema load \[[@B34-ijms-17-01413]\]. The key to understating the apparent discrepancy is the roles of bidirectional water transport, which enable it to contribute to both edema formation at early time points and the clearance of water from the brain into blood vessels at later time points \[[@B17-ijms-17-01413]\].

In injuries that create cytotoxic edema in the absence of BBB breakdown, aquaporin-4 is a major contributor. Its upregulation and redistribution in trauma, pneumococcal meningitis, glioblastoma or ischemia were associated with worse outcome \[[@B16-ijms-17-01413],[@B18-ijms-17-01413],[@B19-ijms-17-01413],[@B35-ijms-17-01413],[@B36-ijms-17-01413]\], while edema was reduced with aquaporin-4 downregulation or deletion \[[@B33-ijms-17-01413]\]. Through overexpression in glial cells, it was directly revealed that aquaporin-4 is a rate-limiting step in the formation of ionic edema \[[@B37-ijms-17-01413]\].

A possibility contributing to the brain edema alleviation in aquaporin-4-deficient mice is the reduced apoptotic astrocytes, which is a consequence of the reduced swollen astrocyte. We demonstrated that downregulation of aquaporin-4 could efficiently reduce astrocyte apoptosis after ischemic injury. The in vitro data showed the same working model \[[@B16-ijms-17-01413]\].

In vasogenic edema conditions where blood extravasations in parenchyma need to be cleared by bulk flow into CSF compartments and veins \[[@B38-ijms-17-01413]\], aquaporin-4 seems to be a crucial player as the deficient animals displayed an impaired ability to efficiently clean the edema \[[@B39-ijms-17-01413]\].

Aquaporin-4 not only serves as a water influx route, but also initiates downstream astrocytic Ca^2+^ signaling events. Through activation of P2 purinergic receptors in astrocytes, brain swelling triggers Ca^2+^ signaling that may potentially exacerbate brain edema. In addition, osmotic stress was observed to mediate ATP release from cultured astrocytic cells in an aquaporin-4-dependentmanner \[[@B40-ijms-17-01413]\], which may affect the pathological outcomes, as well.

In cultured astroglial cells, aquaporin-4 was polarized to the membrane leading edge, a process related to rapid formation and retraction of plasma membrane protrusions, such as lamellipodia and filopodia \[[@B41-ijms-17-01413],[@B42-ijms-17-01413]\], implying an involvement of aquaporin-4 in the migrating cells. As a critical event in the later phase after brain injury, the glial scar formation also involves the upregulation of aquaporin-4 \[[@B31-ijms-17-01413]\]. Increased aquaporin-4 expression, together with its polarization to the leading edge may further contribute to the glial scar formation.

Even though aquaporin-4 is well known to be expressed in astrocytes in brain, Tomas-Camardiel with his colleagues demonstrated that activated microglia strongly expressed aquaporin-4 in response to LPS stimulation \[[@B43-ijms-17-01413]\], which represents a molecular adaptation in maintaining water and ion homeostasis and may also contribute to the proliferation and migration of microglial cells in injured brain. Collectively, these data suggest the complexity of aquaporin-4 in pathological settings.

4.2. Aquaporin-4 and Neuroinflammation {#sec4dot2-ijms-17-01413}
--------------------------------------

Neuroinflammation is a concomitant syndrome that has been demonstrated to significantly contribute to the progression of various brain injuries, including traumatic brain injury and ischemic or hemorrhagic stroke, among others \[[@B12-ijms-17-01413],[@B20-ijms-17-01413],[@B44-ijms-17-01413]\]. Aquaporin-4 expression was found upregulated during the edema build-up and resolution phases in focal brain inflammation \[[@B16-ijms-17-01413],[@B45-ijms-17-01413]\]. In an inflammatory model that was created by the injection of [l]{.smallcaps}-a-lysophosphatidylcholine (LPC) stearoyl, a slight upregulation of aquaporin-4 was observed during the build-up phase, but followed by a robust transcriptional and translational level of aquaporin-4 expression during the edema resolution phase \[[@B45-ijms-17-01413]\]. In another inflammatory model induced by LPS, strong expression of aquaporin-4 mRNA and protein in response to LPS injections was observed, as well \[[@B43-ijms-17-01413]\].

We have also found the association of inflammatory cytokines' (IL-1β, IL6 and TNF-α) production and aquaporin-4 expression in acute ischemic stroke, which implies an intrinsic relationship between them. We further explored the relationship between inflammatory cytokines and aquaporin-4 and clarified that it is the inflammatory cytokines released from the microglia that are responsible for the induction of aquaporin-4 \[[@B16-ijms-17-01413]\].

Taken together, these data suggest that aquaporin-4 is an inflammatory mediator \[[@B46-ijms-17-01413]\] and plays a differential role during edema build-up and resolution. In the build-up phase, aquaporin-4 overexpression may result in the swelling and death of astrocytes and activation of microglia, which could be the main contributor to BBB disruption that leads to plasma protein leakage and extravascular fluid accumulation. On the contrary, during the resolution phase, it perhaps drives water extravasations from the brain parenchyma to CSF and blood vessels. Thus, we could cautiously state that aquaporin-4 plays a negative role during edema formation, while it takes a positive part in the resolution phase ([Table 1](#ijms-17-01413-t001){ref-type="table"}).

5. Aquaporin-4 as a Therapeutic Target in Cerebral Edema {#sec5-ijms-17-01413}
========================================================

An important goal in brain injury treatment is the control and reduction of cerebral edema. As aquaporin-4 has shown a critical role in the progression of cerebral edema, it could be a promising target for the intervention.

5.1. Aquaporin-4 Inhibitors {#sec5dot1-ijms-17-01413}
---------------------------

Several pharmaceutical chemicals targeting at aquaporin-4 have shown positive effects on cerebral edema in both humans and animals. Vincent J. Huber and his colleagues identified arylsulfonamides as aquaporin-4 inhibitors, among which acetazolamide (AZA) was found to be the most efficient one with an 80% water transport inhibition \[[@B52-ijms-17-01413]\]. They subsequently proved that some antiepileptic drugs (AEDs), such as topiramate (TPM) and zonisamide (ZNS), which share a variety of physiochemical properties with AZA, were efficient in aquaporin-4 inhibition, as well, which may partly contribute to their antiepileptic function \[[@B53-ijms-17-01413]\]. This group further identified a novel aquaporin-4 inhibitor called 2-(nicotinamide)-1,3,4-thiadiazole (TGN-020). In a brain ischemic model, they found significant reductions in the cerebral edema and cortical infarction size in the pretreated mice \[[@B54-ijms-17-01413]\].

Erythropoietin (EPO), the major hemopoietic growth factor, has been widely used as an efficient neuro-protective agent \[[@B55-ijms-17-01413],[@B56-ijms-17-01413],[@B57-ijms-17-01413],[@B58-ijms-17-01413]\]. The beneficial effects of EPO are partially due to the antagonist of the glutamate-mediated water flux. Using a multifaceted model of water permeability in aquaporin-4-positive astrocytes, the mGluR-mediated water permeability increase was abolished in the EPO administration condition prior to water intoxication \[[@B59-ijms-17-01413]\]. These findings indicate that EPO interacts with aquaporin-4 and reduces the risk of astrocyte swelling in brain insults, showing a positive role in the treatment of cerebral damage associated with water disturbances.

Since inflammation has been shown to be an underlying aquaporin-4 inducer, any drugs that repress the inflammation response could be potential aquaporin-4 inhibitors. CXCL12 is well known as a key chemokine for leukocyte recruitment by interacting with its receptor CXCR4 during brain ischemia \[[@B20-ijms-17-01413],[@B60-ijms-17-01413]\]. A CXCR4 antagonist drug called AMD3100 significantly suppressed inflammatory response and reduced BBB disruption in the context of ischemic stroke \[[@B20-ijms-17-01413]\]. Besides, a renowned traditional Chinese medicine Tongxinluo was found to benefit BBB integrity by reducing the inflammatory cytokines' expression, as well, in mice subjected to middle cerebral artery occlusion \[[@B12-ijms-17-01413]\]. The beneficial effects on brain edema may at least partially be attributed to the block of the aquaporin-4 upregulation through the attenuated cytokines' release.

5.2. Other Strategies {#sec5dot2-ijms-17-01413}
---------------------

As a key player following brain injury, the inflammation response exacerbates the development of brain edema by disrupting BBB integrity \[[@B20-ijms-17-01413],[@B44-ijms-17-01413]\]. Our study demonstrated that this process was highly associated with the upregulation of aquaporin-4 after cerebral ischemia. Using a transient ischemic model of the striatal transplantation of mesenchymal stem cells (MSCs), we illustrated that MSCs decreased inflammatory cytokines' release from ischemia-activated microglia, thus restraining p38 phosphorylation and aquaporin-4 upregulation in astrocytes. Through this pathway, astrocyte apoptosis was reduced, and BBB was protected, leading to a better neurological outcome after ischemia. However, the receptor that mediates the activation of p38 in response to inflammatory cytokines was not under investigation. IL-1 receptor type 1 (IL1R1) may be involved in this process \[[@B61-ijms-17-01413]\] ([Figure 1](#ijms-17-01413-f001){ref-type="fig"}). Even though we just examined the surviving state of MSCs after three days of transplantation, another study showed that the transplanted human MSCs expressed markers for astrocytes, oligodendroglia and neurons at six weeks after transplantation with improved functional performance in limb placement test \[[@B62-ijms-17-01413]\]. Moreover, Bingchuan Xie with his colleagues demonstrated that human umbilical cord MSC transplantation in ischemic encephalopathy patients led to a better recovery without significant adverse effects \[[@B63-ijms-17-01413]\], which represents a direct application in clinics. However, the clinical studies so far are still scarce, and more comprehensive evaluations are needed for further clinical application.

In cerebral ischemia, the resting microglia are activated, which leads to more inflammatory cytokine production, like IL1β (yellow dots), IL6 (black dots) and TNF-α (red dots). Mesenchymal stem cells (MSCs) are transplanted into the injured striatum within 20 min following reperfusion. Though secretion of TSG-6 or other unknown mechanisms \[[@B64-ijms-17-01413]\], MSCs inhibit the release of inflammatory cytokines or blunt its activity. Since the interaction between the inflammatory cytokines and the IL1R1 receptor on the membrane of astrocytes leads to the phosphorylation of p38, upregulation of AQP4 and apoptosis of astrocytes, thereby, MSC treatment reduces the apoptotic astrocytes. As astrocyte-endothelial crosstalk is important to maintain the function of the BBB via inducing tight junction formation \[[@B65-ijms-17-01413]\], through this pathway, BBB is protected, resulting in better neurological outcomes after ischemia.

MicroRNAs (miRNA) are single-stranded non-coding RNA molecules of \~22 nucleotides in length and function as gene expression regulators by binding to the 3′ untranslated region (UTR) of mRNA molecules. Recent studies have highlighted the role of miRNA as potential regulators in multiple pathophysiological processes \[[@B49-ijms-17-01413],[@B66-ijms-17-01413],[@B67-ijms-17-01413]\]. Aquaporin-4 has been shown as a target gene of miRNA-29b in cerebral ischemia. Data from human blood samples revealed that miRNA-29b was significantly decreased in stroke patients, and poor outcomes were associated with miRNA-29b downregulation. In a mice study, we further demonstrated that the miR-29b level negatively correlated with aquaporin-4 expression, but had a positive correlation with the outcomes. Additionally, the dual-luciferase reporter system directly showed that aquaporin-4 was the target of miR-29b \[[@B49-ijms-17-01413]\].

Together, with these studies, it could be optimistically stated that both stem cells and miRNAs can exert a potent regulating function on aquaporin-4 expression, which represents a novel tool for water balance intervention in brain insults.

6. Conclusions {#sec6-ijms-17-01413}
==============

Aquaporin-4 plays a crucial role in the edema process in different brain pathologies, and its interference seems to be important for the recovery in the acute phase after cerebral edema. However, the bimodal function of aquaporin-4 in the progression of cytotoxic and vasogenic edema has to be kept in mind when formulating strategies targeting aquaporin-4 in edema therapy. If taking the findings for transitioning from the cytotoxic type to the vasogenic type into consideration, pharmaceuticals, stem cells or miRNAs targeting aquaporin-4 are still full of challenges and have to be carefully considered in the effort toward any targeted interventions.
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###### 

Biphasic function of AQP4 in cytotoxic and vasogenic edema.

  Animal/Cell Type      Model                                                                                    AQP4 Intervention Methods                                                 AQP4 Reaction                                    Outcomes                                                                            Ref.
  --------------------- ---------------------------------------------------------------------------------------- ------------------------------------------------------------------------- ------------------------------------------------ ----------------------------------------------------------------------------------- --------------------------
  Mice                  Intrastriatal ringer or quinolinic acid injection (cytotoxic edema)                      \-                                                                        AQP4 mRNA induction in hypertrophic astrocytes   BBB disruption                                                                      \[[@B47-ijms-17-01413]\]
  Cultured astrocytes   Fluid percussion injury (FPI) (cytotoxic edema)                                          AQP4 knockdown by siRNA                                                   Dampened AQP4 induction                          reduction in trauma-induced astrocyte swelling                                      \[[@B32-ijms-17-01413]\]
  Mice                  Acute water intoxication and ischemic stroke (cytotoxic edema)                           AQP4 global deletion                                                      Complete deletion                                Decreased hemispheric enlargement                                                   \[[@B33-ijms-17-01413]\]
  Mice                  Systemic hypoosmotic stress (cytotoxic edema)                                            AQP4 glial-conditional deletion                                           Conditional AQP4 knockout                        Reduction in brain water uptake and a delayed postnatal resorption of brain water   \[[@B48-ijms-17-01413]\]
  Mice                  Acute water intoxication (cytotoxic edema)                                               AQP4 glial-conditional overexpression                                     Overexpression                                   Increased brain swelling and intracranial pressure (ICP)                            \[[@B37-ijms-17-01413]\]
  Mice                  90-min transient middle cerebral artery occlusion (cytotoxic edema)                      MSCs intracranial transplantation and AQP4 siRNA intracranial injection   DecreasedAQP4 induction by ischemia              Reduced brain edema and BBB leakage                                                 \[[@B16-ijms-17-01413]\]
  Mice                  Permanent middle cerebral artery occlusion (cytotoxic edema)                             Lentivirus-miR-29b (LV-29b) intracranial injection                        DecreasedAQP4 induction by ischemia              Reduced brain edema and BBB leakage                                                 \[[@B49-ijms-17-01413]\]
  Mice                  I.P. injection of distilled water and 8-deamino-arginine vasopressin (cytotoxic edema)   Dystrophin global deletion                                                AQP4 mislocalization                             Delayed onset of brain edema                                                        \[[@B50-ijms-17-01413]\]
  Mice                  Artificial cerebrospinal fluid (vasogenic edema)                                         AQP4 global deletion                                                      Complete deletion                                Increased brain swelling and ICP                                                    \[[@B39-ijms-17-01413]\]
  Mice                  Subarachnoid hemorrhage (vasogenic edema)                                                AQP4 global deletion                                                      Complete deletion                                increased brain water content and intracranial pressure                             \[[@B51-ijms-17-01413]\]
